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Abstract: This study presents the characterization of dynamic cerebrovascular reactivity
(CVR) in healthy adults by a hybrid optical system combining time-resolved (TR) near-infrared
spectroscopy (NIRS) and diffuse correlation spectroscopy (DCS). Blood flow and oxygenation
(oxy- and deoxy-hemoglobin) responses to a step hypercapnic challenge were recorded to
characterize dynamic and static components of CVR. Data were acquired at short and long
source-detector separations (rSD) to assess the impact of scalp hemodynamics, and moment
analysis applied to the TR-NIRS to further enhance the sensitivity to the brain. Comparing
blood flow and oxygenation responses acquired at short and long rSD demonstrated that scalp
contamination distorted the CVR time courses, particularly for oxyhemoglobin. This effect was
significantly diminished by the greater depth sensitivity of TR NIRS and less evident in the DCS
data due to the higher blood flow in the brain compared to the scalp. The reactivity speed was
similar for blood flow and oxygenation in the healthy brain. Given the ease-of-use, portability,
and non-invasiveness of this hybrid approach, it is well suited to investigate if the temporal
relationship between CBF and oxygenation is altered by factors such as age and cerebrovascular
disease.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Supporting the high energy demands of the brain requires continuous adjustments to vascular
resistance to ensure adequate delivery of energy substrates by cerebral blood flow (CBF). The
importance of CBF regulation to brain function, and conversely the link between cerebrovascular
dysfunction and cognitive decline, has led to multiple approaches to assess cerebrovascular
function involving different imaging techniques combined with various stimuli to elicit cerebral
hemodynamic responses [1]. Because of carbon dioxide’s potent vasodilatory effects, one of the
most well-established markers of cerebrovascular function is cerebrovascular reactivity (CVR),
which is defined as the ratio of the change in CBF in response to a change in arterial carbon
dioxide pressure (PaCO2).

The most commonly used methods of assessing CVR are magnetic resonance imaging (MRI),
using blood-oxygenation level-dependent (BOLD) contrast as a surrogate of CBF, and transcranial
Doppler, which measures blood flow velocity changes in a major cerebral artery. Both methods
have been used to characterize changes in CVR related to ageing, head injuries, neurodegeneration,
and cerebrovascular disease [2–5]. While BOLD MRI has the advantage of producing images of
CVR, TCD is less expensive and portable, enabling more frequent assessments, evaluations in
various environments (e.g., during surgery, part of neurocritical care, and in laboratory settings),
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and simultaneous monitoring of systemic physiology not achievable in an MRI scanner. However,
TCD does not assess cerebral microcirculation directly and must rely on assuming changes in flow
velocities in a feeding artery reflect downstream perfusion changes and that the cross-sectional
area of the insonicated vessel remains constant, which has been recently questioned [6].
Optical technologies – near-infrared spectroscopy (NIRS) and its flow-sensitive derivative,

diffuse correlation spectroscopy (DCS) – share the same advantages as TCD in terms of portability,
ease of use, and non-invasiveness, but have the added advantage of being sensitive to tissue
hemodynamics. However, results with NIRS CVR studies have been mixed, with concerns
regarding unexpected delays in the oxygenation responses relative to corresponding changes in
blood flow velocity or BOLD contrast, inconsistent CVR measurements across subjects, and poor
sensitivity [7–13]. The most likely explanation for these findings is signal contamination from
extracerebral tissues considering these studies were conducted using continuous-wave NIRS
devices, which are well known to be prone to extracerebral contamination. There have only
been a couple of studies using DCS to measure CBF response to hypercapnia in adults [14,15].
Although both studies involved small sample sizes, DCS appears to provide more reliable CVR
measurements across participants compared to NIRS, in-line with the predicted greater sensitivity
of DCS to brain [9].

Another advantage of these optical techniques is their sub-second temporal resolution, which
could be used to measure dynamic properties of CVR [16]. Recent BOLD studies have shown
that the speed of the cerebrovascular response provides an additional and valuable metric of
cerebrovascular function [17,18]. The combination of NIRS and DCS can extend this dynamic
approach to enable simultaneous measurements of multiple hemodynamic parameters from the
same brain region: CBF by DCS and oxy- and deoxy-hemoglobin concentrations by NIRS (HbO
and Hb, respectively). The sum of HbO and Hb (i.e. tHb) is directly proportional to the cerebral
blood volume (CBV) and the ratio of HbO to tHb defines tissue oxygen saturation (StO2).
The aims of this study focused on evaluating if a hybrid system capable of acquiring NIRS

and DCS data simultaneously could capture the dynamic CBF and oxygenation responses to a
rapid step increase in end-tidal carbon dioxide pressure (PETCO2). To minimize the effects of the
CO2 profile on the cerebral hemodynamic responses, a computer-controlled breathing circuit was
used to generate abrupt changes in PETCO2 [19]. The measured CBF and oxygenation responses
were characterized using a hemodynamic response model proposed for BOLD CVR studies [17].
Given the evidence that NIRS CVRmeasurements are prone to extracerebral signal contamination
[9,12], time-resolved detection (TR) was used to enhance depth sensitivity [20]. TR NIRS
has been used to improve detection sensitivity of brain activity and to acquire accurate CBF
estimates by bolus-tracking measurements [21,22]. Based on these previous findings, this study
investigated if depth-enhanced oxygenation measurements would have greater reproducibility
and better agreement with the hemodynamic model. Similarly, DCS data were acquired at two
source-detector separations to vary the sensitivity to scalp and brain blood flow. These two
time-courses were compared to the corresponding depth-enhanced oxygenation time course to
investigate the sensitivity of DCS to CBF.

2. Methods

Eleven healthy participants (3 females, 8 males, aged 25 to 36 y, mean= 28± 3 y) with no
history of any neurological or psychiatric disorders were recruited. Written informed consent
was obtained from each subject prior to the experiment. The study was approved by the Western
University Health Sciences Research Ethics Board, which adheres to the guidelines of the
Tri-Council Policy Statement for research involving humans.
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2.1. Experimental protocol

Subjects sat in a reclining chair with a gas mask placed over their mouth and nose. The mask
was sealed by transparent film dressing (Tegaderm, 3M, St. Paul, USA) and connected to a
computer-controlled gas delivery circuit (RespirActTM, Thornhill Research Inc, Toronto, Canada)
[19]. A non-invasive monitoring system was secured to the participant’s left arm (Finapres
Medical Systems, Netherlands) to record heart rate (HR) and arterial blood pressure continuously
(sampling rate= 200 Hz) during the experiment. A custom-designed probe holder was placed
on the forehead and secured by a velcro headband. The holder was designed using SpaceClaim
(ANSYS Inc., Canonsburg, USA), and 3D printed (TAZ 5, LulzBot, Loveland, USA) from a
thermoplastic polyurethane material (Sapphire NinjaFlex, NinjaTek, Manheim, USA). Detection
fibers for both subsystems were placed at a short and long source-detector separation (rSD): 1.0
and 3.0 cm for TR NIRS, and 1.0 and 2.7 cm for DCS.
The experimental protocol consisted of three 2-min periods of hypercapnia. The first period

started after two minutes at normocapnia, and each was followed by five minutes of normocapnia.
The hypercapnia PETCO2 target was set to 15 mmHg above each subject’s normocapnic PETCO2
value, which was defined by the automated gas controller. TR-NIRS and DCS data were acquired
continuously throughout the cyclical PETCO2 protocol at a sampling rate of 3.33 Hz.

2.2. TR-NIRS/DCS system

The TR-NIRS system consisted of two picosecond pulsed diode lasers (LDH-P-C, PicoQuant,
Berlin, Germany) emitting at wavelengths (λ) of 760 and 830 nm, repetition rate of 80 MHz,
and output powers less than 2.0 mW [23,24]. Custom made laser-to-fiber couplers (HPUC, OZ
Optics, Ottawa, Canada) were used to couple light pulses from each laser head into a bifurcated
fiber (NA= 0.39, φ= 400 µm; Thorlabs, United States) [25] that guided the light to the skin
surface. Diffusely reflected photons were collected by one fiber at a distance of 1 cm from the
source (NA= 0.55, φ= 400 µm; Fiberoptics Technology) and a fiber bundle at a distance of
3 cm (φ= 3 mm, NA= 0.22, length= 4 m, FiberTech Optica, Kitchener, Canada) [26]. Each
delivered light to a hybrid photomultiplier detector (PMA Hybrid, PicoQuant, Berlin, Germany).
To minimize signal contamination from the DCS laser, a short-pass interference filter was placed
between collimating lenses in front of each detector (Spec 3551, 836.5 nm, φ= 25 mm, Alluxa,
Santa Rosa, USA). The output of each detector was sent to a time-correlated single-photon
counting module (HydraHarp 400, PicoQuant, Berlin, Germany) that generated the distribution
of times-of-flight (DTOF) of photons.
At the end of every study, the instrument response function (IRF) was measured using a

custom-built light-tight box that connected the emission fiber to a detection probe with a separation
of 6 cm. A piece of white paper was placed in the light-path to disperse the light before it entered
the detection probe. If necessary, a neutral density filter was placed in the box to avoid saturating
the detector [27].
The DCS system used a continuous-wave laser emitting at λ= 850 nm with a coherence

length greater than 10 m and emission power of 60 mW (DL852-100-SO; Crystalaser Inc., Reno,
USA). The laser was coupled to a multimode fiber to deliver the light to the skin (NA= 0.22,
φ= 400 µm; Fiberoptics technology, Pomfret, USA). This fiber was separated by 1.2 cm from
the TR-NIRS emission fiber to minimize signal contamination. Reflected light was collected by
four single-mode fibers (SMF-28e+, NA= 0.14, φ= 8.2 µm, single-mode cutoff λ= 1260 nm,
FiberTech Optica, Kitchener, Canada), one at distance of 1 cm from the emission fiber and the
remaining three at a distance of 2.7 cm. The latter fibers were bundled together with the fiber
bundle for TR NIRS to provide a common detection point for the longer rSD (i.e. 2.7 cm for DCS
and 3 cm for TR NIRS).
Each DCS detection fiber was coupled to the input of a single photon counting module

(SPCM-AQ4C; Excelitas Canada Inc., Toronto, Canada). Due to the large difference in power
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between the DCS lasers and TR-NIRS lasers, filters in front of the DCS detectors were not required
to block light from the TR-NIRS lasers. The output of each SPCM was relayed to a counter/timer
data acquisition board (PCIe6612; National Instrument, Austin, USA). Photon counts were
recorded and processed using in-house developed software (LabVIEW, National Instrument
and MATLAB) to generate normalized intensity autocorrelation curves for 50 correlation times
ranging from 1 µs to 1 ms [28].

2.3. Crosstalk evaluation

In a subset of participants (N= 4), a series of tests were conducted to evaluate the magnitude
of crosstalk between the two optical systems. With the probe holder placed on the forehead,
data were collected from each system with and without light emission from the other source.
The protocol consisted of three 1-min acquisitions: TR-NIRS acquisition, TR NIRS and DCS
collected simultaneously, and DCS acquisition. The sequence was repeated three times with the
same sampling rate and laser powers used in the hypercapnia experiments.

2.4. Data analysis

2.4.1. Systemic physiology

Steady-state baseline values of HR and mean arterial pressure (MAP) were obtained by averaging
data acquired over a one-minute period immediately preceding each of the three hypercapnic
period. Average HR and MAP responses to increased PETCO2 were determined from the second
minute of each hypercapnic period in order to allow the variables to reach a steady state. These
time series were smoothed with a 4.5 s moving average with a zero-phase digital filter (filtfilt,
MATLAB, Mathworks Inc., USA).

2.4.2. TR-NIRS analysis

To determine baseline optical properties at each rSD, DTOFs recorded during two minutes of
normocapnia prior to the first hypercapnic challenge were averaged. The mean DTOF was fit
with the solution to the diffusion equation for a semi-infinite homogeneous medium convolved
with the measured IRF (fminsearch, MATLAB, Mathworks Inc., USA). The fitting parameters
were the absorption coefficient (µa), the reduced scattering coefficient (µs

′), and an amplitude
factor that accounts for laser power, detection gain, and coupling efficiency. The fitting range was
set to 80% of the peak value of a DTOF on the leading edge and 20% on the falling edge [29].
Moment analysis was applied to each series of DTOFs as a means of extracting time courses

of HbO and Hb concentration with varying depth sensitivities [30]. The first three statistical
moments were calculated: total number of photons (N), mean time of flight (<t>) and variance
(V). Due to the positive skewness of the DTOF, <t> and V have been shown to be more sensitive
to late-arriving photons [31]. The three moments were calculated for each recorded DTOF by
setting the lower and upper integration limits to the arrival times corresponding to 3% (rise and
fall) of the peak of the DTOF [30]. The change in each moment relative to its initial value was
calculated to generate time series throughout the hypercapnia protocol (i.e., ∆N, ∆<t> and ∆V)
for λ= 760 and 830 nm individually.
To calculate changes in the concentrations of oxyhemoglobin and deoxyhemoglobin (∆CHbO

and ∆CHb, respectively), each moment time series was converted to the corresponding change in
∆µa(λ):

∆µa(λ) =
∆mi
SFi

, (1)

where ∆mi is the change in the ith moment and SFi is the corresponding sensitivity factor. The
values of SFi for N, <t> and V were determined using the solution to the diffusion approximation
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for a semi-infinite homogeneous medium [22,32]. The final step was to convert ∆µ(λ) determined
at 760 and 830 nm into ∆CHbO and ∆CHb using:

∆µa(λ) = εHbO(λ)∆CHbO + εHb(λ)∆CHb, (2)

where, εHbO(λ) and εHb(λ) are the wavelength-dependent molar extinction coefficients for oxy-
and deoxyhemoglobin, respectively.
This analysis resulted in time courses of ∆CHbO and ∆CHb generated for each of the three

moments individually. The sum of ∆CHbO and ∆CHb were used to determine changes in the total
hemoglobin concentration (∆CtHb), which reflects changes in CBV (∆CBV), assuming no change
in hemoglobin concentration. Changes in tissue oxygenation saturation (∆StO2) were determined
from the standard definition of saturation: StO2 =CHbO / (CHbO +CHb). Finally, least-squares
optimization was used to regress a brain signal from the ∆CHbO and ∆CHb time courses generated
from ∆N for the two source-detector separations [33].
All time courses were smoothed with a 4.5-s moving average with a zero-phase digital filter

(filtfilt, MATLAB, Mathworks Inc., USA).

2.4.3. DCS analysis

The autocorrelation curves acquired at the short and long distances were analyzed separately using
the solution to the correlation diffusion equation for a semi-infinite homogenous medium. The
fitting variables were the coherence factor (β), which relates themeasured intensity autocorrelation
function to the electric field autocorrelation function, and a blood flow index (BFi). The latter
is based on modelling perfusion as a pseudo Brownian motion [34], and BFi values derived
from this model have been shown to accurately track changes in CBF [35]. The baseline µa and
µs
′ values determined at 830 nm by TR NIRS were used in the fitting routine. The fitting was

performed across all correlation times from 1 µs to 1 ms. The resulting BFi time courses were
smoothed with the same filter as the TR-NIRS data.

2.5. Cerebrovascular reactivity

The three hypercapnic periods were averaged to produce a single 7-min time course per subject
for ∆CHbO, ∆CHb, and BFi. The procedure involved calculating the signal change relative to
the baseline period prior to each hypercapnic challenge. These time courses were modelled as
the convolution of the recorded step change in PETCO2, ∆PETCO2(t), which was scaled to a
maximum value of one, and a hemodynamic response function (HRF) [17]:

∆S(t) = ssCVR · [∆PETCO2(t)∗HRF(t)], (3)

where, ∆S(t) is the signal change, ssCVR is the steady-state value of CVR and * denotes the
convolution operator. The HRF is given by:

HRF(t) =
1
N

e−
(t−to)

τ , (4)

where, τ is the time constant defining the dynamic component of CVR, to is the time delay
between the initial rise of ∆PETCO2(t) and that of ∆S(t), and N is the area under

∞

∫
0

e−t/τdt. Best-fit

estimates of τ, to and ssCVRwere obtained by numerical optimization (fminsearchbnd, MATLAB,
Mathworks Inc., USA). The fitting was performed over a time window that encompassed the
hypercapnia period (i.e. from the initial rise in ∆PETCO2(t) to end of the decline in ∆S(t)
following the return of PETCO2 to normocapnia). In some cases, the fitting range was only
defined by the hypercapnic period if ∆S(t) did not show the expected decline at the end of
hypercapnia. The analysis was conducted for ∆CHbO and ∆CHb time courses derived from each
of the three moments acquired at rSD = 1 and 3 cm and for BFi time courses acquired at rSD = 1
and 2.7 cm.
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2.6. Statistical analysis

All data are presented as mean± standard deviation unless otherwise noted. Statistical analyses
were conducted using SPSS 16.0 (SPSS, Chicago, IL) and statistical significance was defined as
p< 0.05. A two-way repeated-measures analysis of variance was used to investigate differences
in each fitting parameter (τ, t0 and ssCVR) for ∆CHbO and ∆CHb derived from ∆N, ∆<t>, and
∆V (rSD = 3 cm). The Student’s t-test was used to investigate differences in each fitting parameter
obtained from the analysis of the DCS data at rSD = 1 and 2.7 cm.
Correlation analysis was performed to assess the depth sensitivity of DCS by investigating

the agreement between the BFi times course measured at rSD = 2.7 cm and the corresponding
∆CHbO and ∆CHb time courses derived from ∆N, ∆<t>, and ∆V (rSD = 3 cm). This analysis
was conducted for the period beginning with the start of hypercapnia to 1 min after hypercapnia.
A second correlation was performed to investigate the relationship between the input PETCO2
waveform and the corresponding hemodynamic responses. For this analysis, the ∆CHbO and ∆CHb
time-courses derived from ∆N, ∆<t>, and ∆V (rSD = 3 cm) were correlated to the corresponding
time-varying changes in PETCO2 measured by the RespirAct. This analysis was also conducted
for the ∆CHbO and ∆CHb time-courses derived from the least-squares optimization approach.

3. Results

3.1. Crosstalk evaluation

The contamination of recorded DTOFs due to light emission from the DCS laser resulted in
a slight rise in the background signal. The magnitude of this error averaged across the four
participants and both wavelengths was 1.15± 0.75% at rSD = 1 cm and 0.36± 0.15% at rSD = 3
cm. Similarly, light from the two TR-NIRS lasers had only minor effects on the measured
autocorrelation curves. Relative to autocorrelation curves acquired without signal contamination,
the average difference in BFi was 1.47± 7.20% at rSD = 1 cm and 1.40± 4.26% at rSD = 2.7 cm.

3.2. CVR experiments

Of the eleven participants, two were omitted from the data analysis. One due to poor skin-to-probe
contact, resulting in poor signal to noise, and the other because the participant could not tolerate
a PETCO2 increase of 15 mmHg. Of the remaining nine participants, the computer-controlled
gas controller produced highly reproducible PETCO2 changes for all subjects. The average
PETCO2 increase was 14.2± 0.6 mmHg, very close to the target of 15 mmHg with no significant
differences found across the three intervals. Figure 1 presents the average time courses of changes
in HR and MAP across subjects. For each participant, the data across the three hypercapnic
challenges was combined into one 7-minute plot consisting of 2 minutes of hypercapnia, followed
by a 5-min recovery period.
Figure 2 displays oxygenation and blood flow time courses from one subject. Every subplot

includes the PETCO2 time course to illustrate its relationship to the measured responses. The top
two rows display the ∆CHbO and ∆CHb time series derived by moment analysis applied to the
data collected at rSD = 3 cm. The ∆CHb responses were inverted to help illustrated their temporal
relationship to the PETCO2 time course. The bottom row presents the corresponding ∆CHbO and
negative ∆CHb time courses derived from the ∆N recorded at rSD = 1 cm (as it has the greatest
sensitivity to oxygenation changes in the scalp), along with the BFi time courses from DCS data
acquired at rSD = 1 and 2.7 cm.
Figure 3 displays ∆CHbO and ∆CHb time courses averaged across all nine subjects. Data are

presented for both source-detector separations and each of the three moments. These time courses
illustrate how the dynamics of the hypercapnic response varied with rSD and statistical moment.
The corresponding average ∆BFi time courses from the two source-detectors separations are
shown in the bottom row of Fig. 3. The figure (2nd row) also includes the brain ∆CHbO and ∆CHb
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Fig. 1. Average change in heart rate (∆HR) and mean arterial pressure (∆MAP) across all
subjects. Grey region represents the 2-min hypercapnic challenge and shading surrounding
each line represents the standard error of the mean.

Fig. 2. TR-NIRS and DCS data from one participant. Top row displays ∆CHbO (red squares)
derived from moment analysis (∆N, ∆<t>, ∆V) applied to DTOFs acquired at rSD = 3.0 cm.
Middle row displays the corresponding inverted ∆CHb (blue squares). Bottom row displays
∆CHbO and inverted ∆CHb determined from ∆N at rSD = 1.0 cm and ∆BFi (black squares)
time courses measured at rSD = 1.0 and 2.7 cm. The best fit of the hemodynamic model
is illustrated in each graph by the solid coloured line, and the grey line is the recorded
∆PETCO2.
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time courses derived from regressing ∆N measured at rSD = 1 (∆N1cm) from ∆N measured at 3
cm (∆N3cm).

Fig. 3. Average ∆CHbO, ∆CHb and ∆BFi responses (red, blue and black, respectively) to the
2-min hypercpnic challenge (indicated by the shaded region). Time courses are presented
for the two source-detector separations (rSD = 1 and 3 cm for TR NIRS; rSD = 1 and 2.7 cm
for DCS). In addition, the second row provides the ∆CHbO and ∆CHb responses determined
by regressing ∆N1cm from ∆N3cm. All time courses were averaged across nine subjects.
Shading surrounding each line represents the standard error of the mean.

The correlation coefficient relating the ∆BFi hypercapnic response (rSD = 2.7 cm) to the
corresponding oxygenation responses (rSD = 3 cm) was 0.24± 0.33 for ∆N, 0.80± 0.09 for ∆
<t>, and 0.72± 0.18 for ∆V. These values were averaged for ∆CHbO and ∆CHb as there was no
statistical difference between regression analyses for the two hemoglobin time courses. The
correlation coefficient relating ∆BFi to ∆N was significantly lower than the corresponding values
relating BFi to ∆<t> and ∆V.

Correlating the PETCO2 time course to the corresponding ∆CHbO time courses from the three
moments (rSD = 3 cm) resulted in coefficients of 0.09± 0.29 for ∆N, 0.29± 0.28 for ∆<t>, and
0.49± 0.21 for ∆V. The corresponding coefficients for ∆CHb were 0.37± 0.51 (∆N), 0.39± 0.31
(∆<t>) and 0.66± 0.20 (∆V). This analysis was conducted for the entire 7 minutes to capture the
observed differences in the residue signals for the three moments after the hypercapnic challenge
(Fig. 3). For oxyhemoglobin, the correlation between PETCO2 and ∆N was significantly different
from the correlation between PETCO2 and ∆V. There were no significant differences for the
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correlation analysis involving the ∆CHb time courses. The correlation analysis was also conducted
using the ∆CHbO and ∆CHb time courses obtained from least-squares optimization; however,
the coefficients (0.08± 0.31 for ∆CHbO and 0.37± 0.57 for ∆CHb) did not improve relative to
analyzing the ∆N3cm separately.
Figure 4 presents box plots summarizing the fitting results for the ∆CHbO and ∆CHb data

recorded at rSD = 1 cm (top row) and 3 cm (middle row), and BFi data recorded at rSD = 1 and 2.7
cm (bottom row). For the data acquired at rSD = 3 cm, ANOVA revealed a significant difference
in ssCVR derived from ∆CHbO and ∆CHb, as well as a lower ssCVR for ∆V compared to the
other two moments. There were no significant differences in the analysis of the τ and t0 data sets
across the three moments or between BFi values from the two distances. This is explained by the
high variability observed in parameters sensitive to scalp hemodynamics, such as BFi measured
at rSD = 1 cm, and ∆CHbO derived from ∆N. For example, t0 values for ∆N at rSD = 3 cm ranged
from 0 to 2 min – the latter is equivalent to the duration of hypercapnia – whereas the largest t0
estimate for ∆V was 18 s. This variability was also reflected in the sum of squares when fitting
Eq. (3) to the individual time courses. For example, at rSD = 3 cm, the sum of squares for ∆CHbO
was 13.6± 15.2 for ∆N versus 8.0± 7.2 for ∆V. Likewise, the values for ∆CHb were 5.1± 12.4
and 0.9± 1.8 for ∆N and ∆V, respectively. Although the sum of squares decreased for the higher
moments, this trend did not reach statistical significance.

Fig. 4. Box plots of the three fitting parameters. From left to right: time delay (t0), time
constant (τ), and steady-state cerebrovascular reactivity (ssCVR). Results are presented for
moment analysis applied to TR-NIRS data recorded at rSD = 1 cm (top row), rSD = 3 cm
(middle row) and for DCS data acquired at the two rSD values (bottom row). For the
oxygenation results, red indicates ∆CHbO and blue ∆CHb. Outliers are represented by the
crosses, and in one case (τ for ∆CHbO,V), the outlier reached the upper fitting boundary of
250 s.

The average best-fit values of t0, τ and ssCVR from the analysis of ∆CHbO, ∆CHb and BFi are
provided in Table 1. The mean value for ∆CHbO obtained from the variance does not include the
outlier that reached the upper boundary of τ = 250 s.

Figure 5 presents ∆CBF, ∆StO2 and ∆CBV (i.e. ∆CtHb) responses averaged across all subjects.
Each response was scaled between 0 to 1 to demonstrate their temporal relationships. These time
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Table 1. Best fit estimates of the time delay (t0), time constant (τ), and steady-state
cerebrovascular reactivity (ssCVR) obtained from the analysis of the ∆CHbO, ∆CHb data derived from

the three moments and BFi data derived for short and long rSD. Values are presented as average
(standard deviation).

t0 (s) τ (s) ssCVR (µM) (% for BFi)

N <t> V N <t> V N <t> V

HbO1cm 47 (45) 26 (37) 31 (40) 124 (133) 91 (91) 120 (99) 8.1 (10.5) 3.5 (1.7) 2.9 (1.3)

Hb1cm 55 (66) 47 (60) 25 (43) 100 (81) 113 (73) 72 (83) 4.0 (3.5) 2.9 (2.7) 2.8 (1.3)

HbO3cm 18 (22) 10 (16) 4 (5) 87 (70) 75 (45) 73 (47) 3.8 (2.2) 3.2 (1.5) 1.9 (0.7)

Hb3cm 22 (41) 9 (8) 9 (6) 40 (48) 46 (34) 33 (43) 1.4 (1.0) 1.7 (1.4) 0.8 (0.5)

1.0 cm 2.7 cm 1.0 cm 2.7 cm 1.0 cm 2.7 cm

BFi 34 (51) 5.6 (7.8) 52 (45) 42 (15) 42 (45) 59 (33)

courses were derived from measurements that provided the greatest depth sensitivity. That is,
BFi measured at rSD = 2.7 cm was chosen to represent CBF, and ∆CHbO and ∆CHb derived from
∆V at rSD = 3 cm were used to determine ∆StO2 and ∆CBV. Mean increases were 7.6± 3.6% for
∆StO2 and 0.52± 0.81 µM for ∆CtHb.

Fig. 5. Relative changes in cerebral blood flow (∆CBF), cerebral blood volume (∆CBV) and
tissue oxygen saturation (∆StO2) during hypercapnia. Time courses were averaged across
nine subjects. Shaded region represents hypercapnic period and the shading surrounding
each line represents the standard error of the mean.

4. Discussion

This study presents the characterization of dynamic CVR in healthy adults by a hybrid TR-
NIRS/DCS system. Simultaneous acquisition of blood flow and oxygenation data required
minimizing crosstalk between the two devices. In initial tests on tissue-mimicking phantoms
(data not presented), short-pass filters were found to be sufficient to eliminate contamination
from the DCS laser on measured DTOFs. Similarly, the physical separation of the TR-NIRS
pulsed lasers from the DCS detectors was sufficient to minimize any influence on recorded
autocorrelation curves. This was confirmed by comparing BFi estimates from data acquired with
and without the pulsed lasers running. The deviation in the BFi values under the two conditions
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was less than 1% for data acquired at both rSD = 1 and 2.7 cm. In vivo tests similarly showed
small magnitudes of contaminations for both sets of measurements, although slightly higher
variability between subjects, likely due to variations in probe-to-skin contact.

One of the main objectives of the study was to assess the impact of extra-cerebral signal
contamination on TR NIRS and DCS, considering this is one of the major sources of error
with these optical techniques. For this purpose, data from both devices were acquired at two
source-detector separations with the short distance (rSD = 1 cm) predominately reflecting scalp
hemodynamics. For TR NIRS, moment analysis was also implemented to further enhance
the separation of scalp and brain [36,37]. The mean time courses for the two source-detector
separations and three moments demonstrated clear differences during hypercapnia and the
recovery phase (Fig. 3). Most notably, the ∆CHbO and ∆CHb responses derived from ∆V at
rSD = 3 cm were more similar to the expected CVR for a healthy brain (i.e., a rapid rise and
fall in response to a step change in PETCO2) [17,18]. In contrast, the responses for ∆N and
∆<t>were distorted, as evident by the large residue signals observed after PETCO2 had returned
to normocapnia, particularly for ∆CHbO. These observations reflect the differences in the
correlation coefficients relating the oxygenation time courses to the PETCO2 time course, which
is driving the cerebrovascular response. The coefficient was only 0.09± 0.29 for ∆CHbO derived
from ∆N compared to 0.49± 0.21 when ∆CHbO was derived from ∆V. These differences were
also reflected by the residual when the hemodynamic model, Eq. (3), was fit to the oxygenation
responses. The sum of squares was 13.6± 15.2 and 5.1± 12.4 for ∆CHbO and ∆CHb derived from
∆N versus 8.0± 7.2 and 0.9± 1.8 for ∆CHbO and ∆CHb derived from ∆V.

The time courses shown in Fig. 3 also illustrate that the consistency of the oxygenation response
across the three moments was less for ∆CHbO compared to ∆CHb. For ∆CHbO, the correlation
coefficient relating the response to PETCO2 was roughly five times greater for ∆V compared to
∆N, while this ∆V-to-∆N ratio was less than a factor of two for ∆CHb. This difference indicates
that the deoxyhemoglobin signal was less sensitive to scalp hemodynamics and, consequently, a
better measure of CVR. This finding is in contrast to a recent study that recommended using
oxyhemoglobin to measure CVR [11]. However, greater sensitivity of deoxyhemoglobin to
cerebral hemodynamics agrees with Kirilina et al. [38], who showed that changes in scalp blood
flow caused by task-evoked sympathetic activity had a greater effect on oxyhemoglobin than
deoxyhemoglobin. Extra-cerebral signal contamination also contributed to greater variability
in CVR obtained from ∆CHbO, as indicated by the coefficient of variation of ssCVR for ∆N3cm,
which was three times as large as the value for ∆V3cm (Table 1). Scalp contributions to this
variability is evident by the ∆CHbO time course for ∆N1cm, which showed the greatest fluctuations
across subjects. This finding helps explain the inconsistency in CVR measurements reported in
previous NIRS studies and highlights the importance of enhancing depth sensitivity [9,12].
Similar to the oxygenation results, DCS time courses acquired at the two source-detector

distances exhibited different depth sensitivities (Fig. 3). The BFi response at rSD = 2.7 cm was
larger and had a more pronounced decline at the end of hypercapnia, again in agreement with
CVR expected in a healthy brain. The sensitivity of DCS to CBF is reflected by the difference
in correlation of the BFi response to the corresponding oxygenation responses derived from
∆N3cm, ∆<t>3cm and ∆V3cm. That is, the correlation to ∆N3cm was significantly poorer than the
correlation to the two higher moments. This is despite the fact that the DCS data were acquired
with a continuous-wave laser, which does not provide the depth advantages of time-resolved
detection [39]. The better correlation with higher moments can be understood by considering the
DCS signal is directly proportional to blood flow, which is considerably higher in brain than scalp
[9]. The mean CVR for the BFi response measured at rSD = 2.7 cm was 4.2± 2.3% per mmHg
(defined as ssCVR/∆PETCO2), which is good agreement with MRI-based perfusion studies that
reported CVR values between 4 to 5% for similar increases in PETCO2 [40–43].
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The second main objective of the study was to evaluate if the speed of CVR in response
to a rapid change in PETCO2 could be characterized by a linear, time-invariant model with an
exponential impulse response function. This approach was previously used to show slower
vascular reactivity in patients with large artery steno-occlusive disease, indicating greater vascular
resistance [17]. Focusing on metrics with the greatest depth sensitivity, average τ values were
42± 15 s for BFi at rSD = 2.7 cm, 33± 42 s for ∆CHb derived from ∆V3cm, and 72± 51 s for the
corresponding ∆CHbO. These values were similar to those reported in BOLD studies of dynamic
CVR: average grey-matter τ ∼ 27 s with a range from approximately 15 to 40 s [17,44,45]. Only
τ for ∆CHb was within the MRI range, suggesting that these optical techniques could benefit from
further improvement in separating oxygenation and flow responses in scalp and brain, such as
using multilayered models [22,51,52]. However, implementing such models is more demanding
as they typically require additional input parameters, in particular an estimate of the distance
from the scalp to the brain.
The average τ values for the CBF and oxygenation responses were not significantly different,

which is understandable considering MRI studies have shown that BOLD contrast, which
predominately reflect ∆CHb, is a good surrogate of CBF for characterizing CVR [3]. However,
altering basal vascular tone has been shown to affect BOLD-based CVR more than CBF-based
CVR [46], and age-related CVR changes were larger for BOLD than CBF [47]. These findings
reflect the fact that the relationship between blood oxygenation and blood flow is influenced
by changes in arterial and venous blood volumes. Consequently, simultaneous monitoring of
StO2 and CBF (e.g. Fig. 5) may help detect disease or age-related changes in vascular function
that would not be evident by measuring only one marker of CVR. This approach could be
extended to incorporate an appropriate hemodynamic model to characterize underlying changes
in cerebrovascular resistance [48,49].
A potential limitation with this study was that blood flow and oxygenation changes were

only measured in response to a single increase in PETCO2 of 15 mmHg. Given the ability of
TR-NIRS/DCS to track rapid changes, it would be valuable to measure CBF and oxygenation
responses to a series of step changes. Considering the PETCO2 target in this study also evoked an
increase in MAP (Fig. 1), measurements with smaller PETCO2 changes would help elucidate if
the relationship between CBF and oxygenation is altered by variations in the contributions from
CO2 reactivity and blood pressure [50].

5. Conclusion

This study presents the characterization of dynamic CBF and tissue oxygenation in response
to a step increase in PETCO2. Using a multi-distance TR-NIRS/DCS system enabled these
hemodynamic responses to be measured simultaneously from the same brain region. The
differences in the time courses from the two source-detector distances for both TR NIRS and
DCS demonstrated that CO2 vascular reactivity in scalp tissue was markedly slower than in
brain. More importantly, scalp signal contamination resulted in significant distortions of CVR
time courses across participants, particularly for ∆CHbO. This contamination was substantially
reduced by taking advantage of the greater depth sensitivity provided by TR NIRS. The time
constant τ characterizing reactivity speed was found to be similar for CBF and tissue oxygenation
in the healthy brain. Given the ease-of-use, portability, and non-invasiveness of this hybrid
optical approach, it is well suited to investigate if the temporal relationship between CBF and
oxygenation is altered by factors such as age, fitness level, and cerebrovascular disease.
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